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ABSTRACT 


Of  eight  non-migratory  freshwater  teleosts  studied, 
it  was  found  that  a  significant  binding  of  inorganic 
iodide  in  the  plasma  existed  only  in  species  of  the  Order 
Clupeiformes  including  Esox  luoius ,  Coregonus  olupeaformis , 
Salmo  gairdneri,  and  Thymallus  arotious  .  Iodide  binding 
was  not  found  in  four  other  species:  Catostomus  commersonii 
(Order  Cyprinif ormis) ,  Peroa  flav eso ens  (Order  Perciformis) , 
Stizo  stedion  vitreum  (Order  Perciformis)  ,  and  Lota  lota 
(Order  Gadiformes) .  E,  luoius  and  C .  olupeaf ormis  showed 
a  small  seasonal  variation  in  binding  capacity.  The 
plasma  of  male  fish  binds  significantly  more  iodide  than 
does  the  plasma  of  female  fish. 

Inorganic  iodide  was  found  to  bind  with  the  plasma 
albumin-like  protein.  The  actual  binding  sites  were 
presumably  the  free  cationic  groups  of  basic  amino  acid 
residues  on  the  protein  molecules.  Iodide  binding  was 
inhibited  by  NC>3“,  SCN",  CIO4  and  CCI3COO”,  but  not 
affected  by  thiourea,  thiouracil  and  other  halide  ions. 
Binding  capacity  was  increased  as  the  temperature  was 
decreased,  but  the  binding  energy  was  temperature 
independent.  The  binding  energy  was  weak  in  both 
E.  luoius  (-5.897  KCal/mole  at  4°C)  and  C.  olupeaformis 
(-6.252  KCal/mole  at  4°C). 
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INTRODUCTION 

The  strong  tendency  of  proteins  to  form  tightly  bound 
complexes  with  a  variety  of  ions  was  noted  by  Sorensen 
(1909)  early  in  this  century.  Later,  Klotz,  Walker  and 
Pivan  (1946)  published  a  series  of  papers  dealing  with 
the  interaction  of  organic  anions  with  dissolved  proteins. 
Scatchard  and  Black  (1949)  studied  the  binding  of  small 
monovalent  anions  to  serum  albumin.  With  the  recent 
activity  in  this  field  of  study,  many  valuable  review 
articles  concerning  both  experimental  methods  and  theoretical 
analyses  have  appeared  (Klotz,  1950,  1953;  Gurd  and  Wilcox, 
1956;  Vallee,  1955;  Rosenberg  and  Klotz,  1960;  Scatchard 
et  al .  ,  1954).  In  general,  the  ion-protein  interaction 
is  non-specific  in  nature,  but  the  binding  affinity  is 
related  to  the  protein  structure  and  the  nature  of  the 
binding  ion,  (Foster,  1960). 

Many  substances  are  bound  to  the  blood  proteins.  Among 
these  substances,  much  interest  has  centered  on  the  inter¬ 
action  of  plasma  proteins  with  the  thyroid  hormones.  The 
thyroxine-binding  serum  proteins  have  been  found  in  different 
species  of  vertebrates  (Robbins  and  Rail,  1960) .  In  man, 
for  example,  thyroxine  is  bound  to  the  a-globulin  (TBG) , 
albumin  and  prealbumin  (TBPA)  (Ingbar  and  Freinkel,  1960; 
Robbins  and  Rail,  1957,  1960;  Sterling  and  Tabachnick,  1961). 
Sterling,  Rosen  and  Tabachnick  (1962)  developed  the  concept 
that  binding  is  universally  based  on  an  interaction  of  anionic 
phenolate  groups  of  thyroxine  with  the  cationic  groups  on 
the  albumin  protein  molecules. 
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In  addition  to  the  binding  of  hormonal  organic  iodine 
to  the  plasma  proteins,  a  characteristic  evidently  present 
in  all  vertebrates,  Leloup  and  Fontaine  (1960)  discovered 
a  significant  binding  of  inorganic  iodide  to  the  plasma 
protein  of  teleost  fishes.  This  binding  characteristic 
appeared  to  be  restricted  to  a  few  species  of  teleosts  and 
was  not  found  in  other  vertebrates.  The  binding  capacity 
was  associated  with  the  physiological  status  of  the  fish, 
especially  with  the  migratory  behavior  and  ovary  maturation. 
Leloup  (1964b)  found  that  the  inorganic  iodide  was  bound 
only  to  the  plasma  albumin  fraction  of  the  plasma  proteins. 

The  purpose  of  this  research  was  to  (1)  confirm  the 
work  of  Leloup  and  Fontaine  (1960)  and  Leloup  (1964b)  on 
the  nature  of  the  iodide-protein  interaction,  (2)  additionally 
study  for  the  first  time  the  influence  of  sex,  season,  pH 
and  protein  acetylation  on  the  iodide  binding  capacity  of 
the  protein,  and  (3)  to  determine  the  distribution  of  the 
iodide  binding  characteristic  among  the  local  fishes  of 
Alberta.  The  physiological  importance  of  this  binding 
characteristic  and  the  binding  energy  are  also  considered. 
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MATERIALS  AND  METHODS 

A .  Living  Materials 

Six  species  of  freshwater  teleosts  were  collected  from 
June,  1965,  to  November,  1966,  from  Lac  Ste.  Anne,  a  large 
eutrophic  lake  northwest  of  Edmonton,  Alberta:  northern 
pike,  Esox  luoius ;  lake  whitefish,  Coregonus  olupeafovmis ; 
white  sucker,  Cato stomus  commersonii ;  yellow  perch,  Pevoa 
f'lavesoens ;  yellow  walleye,  Stizo  stedion  vitreum ;  and  burbot, 
Lota  lota .  Arctic  grayling,  Thymallus  arotious ,  were 
collected  by  Dr.  D.  D.  Beatty  from  Kinky  Lake,  Alberta,  in 
August,  1965.  All  fish  were  caught  by  gillnet  or  trap  net. 
Rainbow  trout,  Salmo  gairdnevi ,  were  obtained  from  the 
province  of  Alberta  fish  hatchery  in  Calgary,  Alberta,  on 
July  6,  1966.  The  rainbow  trout  were  held  in  running 
dechlorinated  water  at  about  4°C,  At  the  time  of  sampling, 
total  body  weight,  gonad  weight,  fork  length  and  sex  were 
recorded.  Scales  were  collected  for  age  determination. 

Lac  Ste.  Anne  water  temperatures  were  recorded  throughout 
the  period  of  study  (May,  1965,  to  December,  1966). 

B .  Blood  Sampling 

Blood  samples  were  taken  at  the  time  fish  were  collected 
from  the  lake.  The  fish  was  stunned  by  a  blow  to  the  head, 
and  about  5  cc  of  blood  was  withdrawn  from  the  caudal  vein 
with  a  10  cc  heparinized  syringe  and  18  gauge  needle.  The 
blood  was  separated  immediately  by  centrifugation  in  a 
Buchler  centrifuge  and  the  plasma  was  pipetted  into  a  15  cc 
test  tube.  The  blood  sampling  procedure  for  Salmo  gaivdnevi 
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was  the  same  as  for  fish  collected  from  Lac  Ste.  Anne,  except 
that  a  smaller  (22  guage)  needle  was  used  and  the  blood 
was  separated  in  a  Beckman  Microfuge  (Model  152) .  The 
separated  plasma  was  frozen  immediately  on  dry  ice,  trans¬ 
ported  to  the  University,  and  stored  in  a  freezer  until 
analysis . 

C .  Equilibrium  Dialysis  of  Plasma 

The  inorganic  iodide  binding  capacity  in  normal  plasma 
of  the  eight  species  of  freshwater  teleosts  listed  above 
was  studied  by  the  method  of  dialysis  equilibrium.  This 
is  the  most  commonly  employed  technique  for  determining  the 
equilibrium  in  solution  between  free  ions  and  those  bound 
to  proteins  (Klotz,  Walker,  and  Pivan,  1946). 

Dialysis  tubing  made  by  Union  Carbide,  size  8/32, 
average  pore  radius  24A,  was  used.  This  "Visking"  dialysis 
tubing  contained  cellulose,  glycerine,  water  and  a  small 
amount  of  sulfur.  Tubing  was  permeable  to  water  and  would 
allow  diffusion  of  low  molecular  weight  compounds  in  aqueous 
solution  while  refusing  passage  to  higher  molecular  weight 
materials,  such  as  proteins  and  bacteria.  Prior  to  use  each 
tubing  was  rinsed  with  deionized  water  and  damp  dried.  A 
knot  was  tied  into  one  end,  leaving  an  open  portion  of 
tubing  about  6  cm  in  length.  0.25  ml  of  plasma  was  pipetted 
into  the  tubing,  which  was  then  put  into  a  test  tube  14  cm 
long  x  1.4  cm  in  diameter  (see  Fig.  1)  containing  3  ml  of 
freshwater  fish  saline  and  0.005  ml  of  Na^JI  solution  (1.5  yc)  . 
The  fish  saline  was  formulated  from  the  measured  composition 
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Figure  1.  Arrangement  for  equilibrium  dialysis  of  teleost 

plasma  against  isotonic  fish  saline.  0.25  ml 

plasma  was  placed  in  the  dialysis  tubing  and 

125 

3  ml  fish  saline  containing  0.005  ml  Na  I 
(1.5  yc)  was  added  to  the  test  tube. 


Dialysis 

tubing 


Sucker 

saline 


14 


1.4cm 

i - ► 


Plasma 
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of  white  sucker  plasma  by  Dr.  C.  P.  Hickman  for  use  in  this 
laboratory.  The  saline  had  the  following  composition. 


Concentration 
Chemical  _  ( % ) 


NaCl 

0.935 

KC1 

1.02 

NaHC03 

1.35 

CaCl2 

1.49 

kh2po4 

2.19 

MgS04 

2.40 

Concentration 

Parts  Used  Ion  (mM/liter) 


95  Na  147 

4  Cl  155 

3  K  7 

3  Ca  15 

1  Mg  7 

1  S04  8 

HC03  4.6 

P04  2 


Because  the  physical-chemical  properties  of  the  radio¬ 
isotope  iodine-125  were  the  same  as  stable  iodine-127,  its 
radioactivity  was  applied  as  a  tracer  for  this  study.  The 

1  he 

Na  DI  solution  was  purchased  from  Atomic  Energy  of  Canada 
Limited,  Ottawa,  Canada e 

Each  test  tube  was  clamped  to  the  vibrating  plate  of 
a  Buchler  Rotary  Evapo-Mix  apparatus.  The  bottom  quarter 
of  the  tube  was  under  water.  The  water  temperature  was 
controlled  by  a  Lauda  Ultra  Kryomate  TK-30  which  provided 
a  temperature  constancy  of  ±0.2^  (Fig.  2).  Plasma  was 
dialysed  against  the  isotonic  sucker  saline  at  20°C.  Six 
hours  was  found  adequate  to  achieve  equilibrium,  but  longer 
shaking  was  usually  employed.  After  equilibrium,  0.01  ml 
samples  were  taken  from  both  the  plasma  and  its  dialysing 
medium  using  a  0.01  ml  Misco  calibrated  micropipette.  Samples 
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Figure  2.  Mechanical  apparatus  for  equilibrium  dialysis. 

The  dialysis  test  tube  was  held  on  the  Rotary 
Evapo-Mix.  It  contained  a  water  bath  and 
rotation  control.  The  shaking  action  speeded 
the  dialysis  process.  The  Ultra  Kryomat  TK-30 
controlled  the  water  temperature  of  the  Rotary 
Evaop-Mix . 
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were  transferred  to  separate  Nuclear-Chicago  Well  Scintilla¬ 
tion  counting  tubes  (11.2  cm  in  length  and  1.6  cm  in  diameter) 
containing  3  ml  of  distilled  water.  The  solution  was  mixed 
and  counted  in  a  Nuclear-Chicago  Ultrascaler  II  Well-type 
Scintillation  Counter  for  10  minutes  or  to  40,000  counts. 

After  subtracting  the  background  count,  the  fraction  of 
bound  iodide  was  calculated  from  the  formula:  %  plasma- 
bound  inorganic  iodide  = 

plasma  in  counts  per  minute  -  saline  in  counts  per  minute  X  100- (1) 

plasma  in  counts  per  minute  " 

To  study  the  direct  effect  of  temperature  on  plasma 
iodide  binding,  two  different  water  temperatures  were  used. 

The  water  temperature  of  the  Rotary  Evapo-Mix  was  first  set 
at  20 °C  and  the  tubes  were  shaken  for  6  hours  to  reach 
equilibrium.  Samples  of  both  plasma  and  saline  were  pipetted 
and  the  radioactivity  counted.  The  temperature  was  then 
lowered  to  4°C  and  the  plasma  was  dialysed  at  this  lower 
temperature  for  another  6  hours.  After  equilibrium,  samples 
of  plasma  and  saline  were  pipetted  and  counted  as  before. 

It  was  of  interest  to  determine  how  other  anions  and 
cations  affected  the  iodide-binding  behavior  of  the  plasma 
proteins.  For  this  purpose,  solutions  of  NaF,  NaBr,  NaCl, 

NaNC>3 ,  NaSCN ,  NaClO^ ,  and  Nal  were  added  separately  to  the 
plasma  of  E.  luoius ,  C,  clupeaformis  and  S.  gairdneri  to 

_  o 

.  make  the  final  concentration  of  the  added  compounds  1  x  10  M. 

In  other  experiments  thiourea  and  thiouracil  were  added  to 
plasma  to  give  a  final  concentration  of  1  x  10“^M  for  thiourea 
and  1  x  10“^M  for  thiouracil. 


Dialysis  was  carried  out  at 
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20 °C  as  already  described  for  normal  plasma. 

The  association  constant  of  plasma  protein-bound 
inorganic  iodide  and  the  total  concentration  of  the  iodide 
binding  sites  were  determined  by  a  method  similar  to  that 
used  by  Booth,  et  al ,  (1961)  . 

Let  (  )  =  molar  concentration;  K  =  the  association 
constant  of  plasma  protein-bound  inorganic  iodide;  PI: 
occupied  binding  sites  on  the  plasma  protein=bound  inorganic 
iodide;  P  =  unoccupied  binding  sites  on  the  plasma  protein; 

I  =  free  (unbound)  inorganic  iodide;  P^-  =  total  binding  sites 
on  the  plasma  protein;  =  total  inorganic  iodide.  From 
the  law  of  mass  action, 


K  =  (PI)  -------  -  (2) 

(p)  (i) 

and  (P)  =  (Pfc)  -  (PI)  -  - - (3) 

therefore  K  =  (PI)  _ 


icpt)  -  (pi)]  (i) 

On  rearranging  1  =  1  ,  1  --------  (4) 

(PI)  Kfpt) (I)  (Pt) 

In  a  graph  of  1  versus  1  ,  the  intercept  on  the  ordinate 

(PI)  (I) 


is  1 

Tp^T 


and  K  is  on  the  abscissa  (see  diagram  below) . 


The  plasma  inorganic  iodine  of  E.  luoius  and  C.  olupeaformis 
was  determined  by  chemical  analysis  of  the  protein  precipitate 
washes  (Acland,  1957)  . 
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For  each  species  of  fish,  five  0.25  ml  plasma  samples 
were  pipetted  into  separate  dialysis  tubings  and  prepared 
for  dialysis  equilibrium  as  already  described.  To  each  of 
the  4  tubes  was  added  0.01  ml  of  Nal  solution  with  concen¬ 
trations  of  0.0267  M,  0.02  M,  0.0133  M,  and  0.0067  M  respec¬ 
tively.  The  fifth  served  as  a  control.  Each  sample  was 
dialysed  first  at  20°C  and  then  at  4°C.  The  radioactivity 
of  samples  from  plasma  and  saline  were  measured  by  the 
procedures  already  described.  From  the  following  equations: 

%  protein-bound  inorganic  iodide  =  (PI)  -  -  -  (5) 

.  (PI)  +  (I) 

and  (±  )  =  (PI)  +  13  (I)  -  - - -  -  - - -  -  -  (6) 

(1^)  was  the  total  concentration  of  inorganic  iodide  in  the 

system  (total  plasma  inorganic  iodide  plus  added  stable 

iodide) .  Since  volume  change  during  dialysis  was  negligible, 

the  volume  of  the  dialysing  saline  was  12  times  that  of  the 

plasma  within  the  tubing.  From  the  above  formulas,  (PI)  and 

(I)  were  calculated  in  each  experimental  condition,  and  their 

reciprocals  1  and  1  ,  were  plotted  as  shown  above.  By 

(PI)  (I) 

regression  analysis,  a  straight  line  was  drawn  through  these 
points.  The  extrapolation  gave  the  value  of  the  association 
constant  of  plasma  protein-bound  inorganic  iodide,  K,  and 
the  total  concentration  of  the  binding  sites  of  iodide  in 
the  plasma  protein  (P11)  . 

The  molecular  structure  of  the  protein  is  important  irl 
the  ion-protein  interaction.  There  is  considerable  evidence 
that  thyroxine  and  the  anion  dye,  methyl  orange,  are  combined 
to  free  cationic  groups  of  bovine  or  human  plasma  albumin 
(Klotz ,  et  al . ,  1946;  Sterling,  Rosen  and  Tabachnick,  1962). 


.  Xo  ioo  js  wi  r  ril  ,  i  ,rlT 
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To  study  the  effect  of  acid  strength  on  the  anion-cation 
interaction,  four  kinds  of  buffers  were  used  to  change  the 
pH  of  plasma  from  its  normal  physiological  value.  The  buffers 
were:  sodium  acetate  pH  4.2  and  5.0;  potassium  phosphate 

pH  6.0  and  7.0;  sodium  barbital  pH  8.0  and  9.0;  carbonate  pH 
10.0  and  10.8.  All  were  prepared  at  0.2  ionic  strength  and 
pH  value  at  25°C  according  to  the  formulas  given  in  Long's 
Biochemists  Handbook  (1961).  For  each  buffer,  0.02  ml  plasma 
of  E.  luoius  was  diluted  to  0.25  ml  with  the  buffer.  The 
well  mixed  plasma  solution  was  found  to  have  the  same  pH  as 
the  buffer  used.  Procedures  for  dialysis  equilibrium  and 
sample  counting  were  the  same  as  described  before  except 
that  the  appropriate  buffer  was  used  as  dialyser  and  the 
water  temperature  was  25°C  rather  than  20°C  during  dialysis. 
Finally,  small  samples  of  the  plasma  solution  (about  0.005  ml) 
were  applied  to  an  acetate  membrane  for  microzone  electro¬ 
phoresis  in  barbital  buffer,  pH  8.6,  ionic  strength  0.05, 
applied  current  3.0  ma  and  duration  30  minutes  at  room 
temperature.  The  procedure  for  microzone  electrophoresis 
will  be  described  in  more  detail  in  the  next  section. 

To  study  the  mechanism  of  binding,  acetylated  plasma 
proteins  preparations  were  made.  This  technique  was  applied 
specifically  to  acetylate  and  e-amino  groups  of  lysine  residue 
of  the  protein  under  certain  special  circumstances.  Acetylation 
was  done  following  the  procedures  of  Fraenkel-Conrat ,  Bean 
and  Lineweaver  (1949)  and  Sterling,  et  at,  (1962) .  0 . 5  ml 

plasma  of  E.  luoius,  C.  olupeafovmis ,  and  S.  gairdneri  were 
pipetted  separately  into  15  ml  test  tubes  containing  0.5  ml 


. 
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of  saturated  sodium  acetate  solution.  The  plasma  solutions 
were  held  in  a  bath  of  ice  and  salt  at  about  -5°C.  1.2  ml 

of  acetic  anhydride  solution  was  added  dropwise  over  a  one 
hour  period  to  each  plasma  solution.  The  mixtures  were 
shaken  constantly  during  the  acetylation.  The  acetylated 
plasma  proteins  were  precipitated  at  pH  4.0  by  adding  1  ml 
0.1  N  HC1  dropwise  and  separated  by  centrifugation.  The 
precipitated  proteins  were  redissolved  with  0.25  ml  of 
phosphate  buffer,  pH  7.0  and  ionic  strength  0.2.  The  acety¬ 
lated  protein  solutions  were  put  in  Visking  dialysis  tubing. 
Both  ends  were  knotted  and  the  solutions  were  dialyzed  against 
daily  changes  of  distilled  water  for  3  days  at  4°C.  Finally, 
0.1  ml  of  the  acetylated  protein  solutions  were  diluted  with 
an  equal  volume  of  phosphate  buffer,  pH  7.0,  ionic  strength 
0.2  and  dialysed  to  equilibrium  against  this  buffer  at  25°C. 

D .  Microzone  electrophoresis 

The  electrophoresis  technique  is  based  on  the  differential 
mobility  of  protein  molecules  in  an  electric  field.  In 
solution,  protein  is  amphoteric  in  nature,  the  total  net 
charges  on  the  surface  depending  on  the  amino  acid  content 
and  the  pH  of  the  solution.  The  total  net  surface  charges 
of  a  protein  are,  in  turn,  associated  with  its  mobility  in 
an  electric  field.  Bovine  plasma  albumin  moved  more  rapidly 
because  it  has  more  net  negative  charges  on  the  surface.  As 
a  result,  it  will  move  faster  than  larger  proteins  toward  the 
anode.  Microzone  electrophoresis  has  many  advantages  over 
other  methods.  It  yields  excellent  results  in  protein 
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separation  by  using  a  cellulose  acetate  support  medium.  This 
membrane  is  formed  of  a  sponge-like  cellulose  acetate  material 
120  y  thick,  with  uniform,  interconnected,  spherical  spaces 
less  than  2  y  in  diameter.  The  membrane  is  very  porous, 
permitting  a  free  but  controlled  flow  of  buffer  solution 
throughout  the  interconnected  spaces.  Unlike  filter  paper, 
the  cellulose  acetate  does  not  absorb  protein,  so  that 
"tailing"  after  the  moving  fractions  is  negligible.  In  the 
present  study,  this  method  was  used  to  identify  the  plasma 
protein  fraction  which  bound  inorganic  iodide,  and  to  determine 
the  relative  amounts  of  the  binding  protein  in  the  total 
plasma  protein  concentration. 

1.  Normal  plasma  protein  separation 

The  Beckman  microzone  electrophoresis  cell  model  R-101 
was  employed  for  separation  of  the  plasma  proteins.  Barbital 
buffer  of  pH  8.6  and  ionic  strength  0.05  was  prepared  from 
1.84  grams  barbital  and  10.30  grams  sodium  barbital,  made 
up  to  one  liter  with  distilled  water.  The  buffer  solution 
was  stored  in  a  refrigerator  before  using.  The  electrophoresis 
cell  was  filled  with  the  buffer  to  the  marked  level.  The 
microzone  acetate  membrane  was  rinsed  with  the  buffer  and 
the  excess  buffer  removed.  The  membrane  was  set  horizontally 
on  the  top  of  the  electrophoresis  cell  with  the  ends  of 
membrane  lying  in  the  buffer.  Eight  different  plasma  samples 
were  applied  to  the  membrane  along  a  single  line.  A  starting 
electric  current  of  3.0  ma  was  applied  for  30  minutes  at  room 
temperature  as  described  in  the  manual  for  the  instrument. 
Following  electrophoresis,  the  membrane  was  fixed  and  stained 


■ 
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immediately  in  a  f  ixative'-dye  solution  for  10  minutes.  The 
fixative-dye  solution  contained  0.2%  by  weight  of  ponceau-S 
stain,  3.0%  by  weight  of  trichloroacetic  acid  and  3.0%  by 
weight  of  sulf osalicyclic  acid.  The  TCA  solution  caused  the 
precipitation  of  plasma  proteins  on  the  membrane  and 
ponceau-S  stained  the  plasma  protein  red.  After  this,  the 
membrane  was  washed  with  5%  acetic  acid  solution  to  remove 
the  excess  of  fixative-staining  solution.  It  was  then 
cleaned  first  in  95%  alcohol  for  1  minute,  and  finally  in 
a  freshly  prepared  solution  of  25%  v/v  of  glacial  acetic 
acid  and  75%  v/v  of  95%  ethanol  for  5  minutes.  The  cleaned 
membrane  was  flattened  on  a  glass  plate  and  dried  in  a  35°C 
oven.  The  developed  membrane  was  stored  in  a  plastic  envelope. 

2.  Protein  concentration  determination 

Differences  in  staining  intensity  of  the  protein  fractions 
on  the  developed  microzone  membrane  were  proportional  to 
differences  in  protein  concentrations.  The  membranes  were 
scanned  with  a  Beckman  protein  Analytrol  (model  RB) ,  to 
determine  the  proportional  amounts  of  each  protein  fraction 
(Fig.  3).  The  total  plasma  protein  concentration  was  deter¬ 
mined  by  TS-ref ractometer  at  room  temperature,  and  the  concen¬ 
tration  of  the  albumin-like  fraction  was  calculated  as  grams 
per  100  ml  of  plasma  by  the  following  equation: 

Albumin-like  protein  (g%)  =  Total  plasma  protein  (g%)  X 

Albumin-like  protein  (%) 

100 


(7) 
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Figure  3.  Relative  distribution  of  plasma  protein 
fractions  in  lake  whitefish,  Coregonus 
q lupeaformis . 
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3.  Separation  of  plasma  proteins  containing  Na  I 

0.005  ml  of  Na^^I  (2  yc)  solution  was  added  to  0.02  ml 

of  freshwater  teleost  plasma  (all  those  listed  before  except 

Thymallus  arcticus)  and  bovine  plasma,  mixed  thoroughly, 

and  stored  in  a  refrigerator  over  night.  The  procedure  for 

electrophoresis  was  the  same  as  already  described  for  normal 

plasma  separation.  Of  the  eight  places  available  for 

application  of  the  sample  on  the  membrane,  seven  were 

125 

applied  with  the  plasma-Na  I  solution  and  the  last  place 

12  5 

was  applied  with  Na  I  solution  alone.  Electrophoresis 
was  carried  out  in  a  cold  room  at  4°C  to  avoid  heat  effects 
on  the  iodide  binding.  Under  different  experimental  conditions 
of  starting  current  applied  and  duration  time  of  the  run, 
the  plasma-Na  I  solution  of  C,  clupeaformis  and  S,  gairdneri 
yielded  better  results  with  2 . 0  ma  for  20  minutes  than  with 
either  3.0  ma  for  20  minutes  or  1.0  ma  for  30  minutes.  The 
plasma-Na^ ^ solution  of  E0  lucius ,  on  the  other  hand,  gave 
good  protein  separation  with  no  apparent  effect  on  the  iodide 
binding  even  at  3.0  ma  for  30  minutes. 

After  electrophoresis,  the  membrane  was  cut  into  3  strips 
as  shown  below: 

Origin 


+ 
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Strip  A  and  Strip  B  contained  the  plasma-Na^-2^  f  strip  C 
contained  only  the  Na125I.  Strip  A  was  passed  through  the 
procedures  of  fixation,  staining,  cleaning  and  drying  as 
described  before.  Strips  B  and  C  were  covered  with  cellu¬ 
lose  scotch  tape  on  both  sides  and  the  membranes  were 
connected  at  both  ends  to  long  paper  strips,  3  x  60  cm 
as  shown  in  the  following  diagram,  so  that  they  could  be 
scanned  with  a  paper-strip  radioactivity  scanner  system: 


Nuclear-Chicago  Ratemeter  (model  1620CS)  was  used  in  the 
combination  with  Nuclear-Chicago  Scintillation  Detector  DS 
8,  Nuclear-Chicago  Actigraph  Chromatogram  Scanner  (model 
C-100B)  and  Nuclear-Chicago  Recorder  (model  R1000) . 
Radioactivity  on  the  membrane  was  received  first  by  the 
detector  as  the  paper-membrane  strip  was  scanned  through 
the  narrow  window  (to  1/16  inch  wide)  of  the  Actigraph  at 
a  speed  of  0.75  inch/hour.  The  Ratemeter,  by  using  the 
40  second  time  constant  for  counting,  converted  random 
pulses  received  from  the  external  detector  into  an  average 
count  rate  and  then  the  radioactivity  was  recorded  on  the 
chart  of  the  outer  recorder  at  the  same  speed.  The  radio¬ 
activity  distribution  curves  of  Strips  B  and  C  were  compared 
with  the  plasma  protein  fraction  distribution  of  Strip  A. 

Two  radioactive  peaks  were  present  on  Strip  B:  one  sharp 
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peak  was  located  on  the  farthest  moving  protein  fraction; 
the  other  smaller  peak  was  located  remote  from  the  protein 
fractions  toward  the  anode  of  the  electric  field.  The 
smaller  peak  was  identified  as  free  iodide-125  when  compared 
with  the  radioactivity  distribution  of  Strip  C  (Fig.  13). 

The  farthest  moving  fractions  of  the  plasma  protein  of 
E,  lucius ,  C.  alupeaformis ,  and  S,  gairdneri  have  mobilities 
similar  to  bovine  plasma  albumin  (Fig.  4)  . 

E .  Iodide  Binding  Properties  of  Plasma  Proteins  After 

Precipitation 

1.  Triahloroaa etia  aoid  (TCA)  method 

Scatchard  and  co-workers  (1957)  found  that  the  binding 
affinity  of  trichloroacetic  acid  to  plasma  protein  was 
higher  than  iodide  in  an  electrode  system  involving  an  anion 
exchange  membrane.  Leloup  and  Fontaine  (1960)  stated  that 
plasma  iodide  binding  in  some  teleosts  was  destroyed  by 
trichloroacetic  acid  precipitation  of  plasma  proteins.  In 
the  present  study,  the  precipitation  method  used  followed 
the  procedure  of  Hickman  (1961).  0.005  ml  of  Na^^I  (2  yc) 

was  added  to  1  ml  of  plasma  of  E .  lucius,  C,  alupeaformis  or 
So  gairdneri  in  a  15  ml  test  tube  and  mixed  thoroughly. 

0.5  ml  of  each  mixed  plasma  solution  was  pipetted  into  a 
15  ml  centrifuge  tube.  2.0  ml  of  20%  trichloroacetic  acid 
was  added,  stirred  and  then  centrifuged  at  2,500  rpm  for 
15  minutes.  The  supernatant  was  decanted  and  saved.  The 
precipitate  was  washed  three  times  with  2  ml  of  2.5% 
trichloroacetic  acid  solution  and  all  the  supernatant  washings 
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Figure  4 .  Microzone  electrophoretic  patterns  of  plasma 
proteins  on  cellulose  acetate  membrane. 

Barbital  buffer  pH  8.6  and  ionic  strength  0.05. 
Applied  current  3.0  ma  for  30  minutes.  Plasma 
samples  from  top  to  bottom  of  the  membrane: 
bovine,  Lota  lota3  Stizo stedion  vitreum, 

Cato stomus  oommersonii 3  Salmo  gaivdnevi 3 
Coregonus  clupeaformis  and  Exos  luoius. 


Bovine 
Lota  lota 

Stizostedicn  vitreum 
Catostomus  commersonii 

Sa  I  mo  g  a  i  rd  ne r  i 
Coregonus  clupeaformis 


E  so  x  |  uc i u  s 
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were  combined.  The  precipitate  was  dissolved  in  0.1  N  NaOH 
and  diluted  to  the  same  volume  as  the  combined  supernatant 
washings.  0.01  ml  of  sample  was  pipetted  from  both  the 
supernatant  washings  and  dissolved  precipitate  into  counting 
tubes  containing  3  ml  of  distilled  water,  mixed  well  and 
counted  in  the  Nuclear-Chicago  Ultrascaler  II  Well- 
Scintillation  Counter  for  10  minutes  or  40,000  counts. 

From  the  radioactivity  of  both  fractions:  %  plasma  protein- 
bound  12  5i  _ 

precipitate  in  counts  per  minute  _  x  ,g 

precipitate  in  counts  per  minute  +  supernatant  in 

counts  per  minute 

2.  Hal f -saturated  ammonium  sulfate  method 

This  method  was  used  to  separate  the  globulins  from 
the  albumin  of  plasma  proteins  by  precipitating  the  globulins 
in  half-saturated  ammonium  sulfate  solution.  Leloup  (1964) 
noted  that  the  plasma  protein-bound  inorganic  iodide  was 
found  in  the  non-precipitated  protein  fraction  after  this 
precipitation  method.  In  the  present  study,  the  experimental 
procedures  for  both  protein  precipitation  and  radioactivity 
determination  were  the  same  as  described  in  the  method 
above,  except  that  half -saturated  ammonium  sulfate,  (NH^^SO^, 
solution  was  used  as  the  precipitating  reagent  and  precipitate 
washing . 
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RESULTS 

A.  Plasma  Protein  Binding  of  Inorganic  Iodide  as  Revealed 
by  Equilibrium  Dialysis  of  Plasma 

1.  Extent  of  plasma  protein  binding  of  iodide  among  the  fish 
studied 

Of  the  eight  different  species  of  non-migratory 
freshwater  teleosts  investigated  in  this  study,  only 
E.  luoius ,  C.  olupeaf ormis ,  S.  gairdneri,  and  T „  arotious 
showed  plasma  protein  binding  of  inorganic  iodide  by  the 
equilibrium  dialysis  method  (Table  I) .  These  four  species 
of  fish  all  belong  to  the  Order  Clupeif ormes .  Leloup  (1964) 
noted  that  among  the  vertebrates  this  characteristic  was 
restricted  specifically  to  the  teleosts,  and  further  that 
it  was  present  only  in  the  Order  Clupeiformes  and  Order 
Mugiliformes .  Leloup  pointed  out,  however,  that  protein 
binding  of  inorganic  iodide  was  found  among  both  marine  and 
freshwater  representatives  and  in  all  anadromous  migratory 
forms  studied. 

2.  Seasonal  differences  in  iodide  binding 

Seasonal  variation  in  the  water  temperature  of  Lac 
Ste,  Anne  from  surface  to  bottom  was  measured  during  1965 
and  1966  and  is  shown  in  Fig.  4.  The  average  3-meter  depth 
water  temperature  was  taken  as  representative  of  the 
environmental  temperature  for  E .  luoius  and  C0  olupeaf ormis . 
The  lake  water  temperature  was  highest  in  July  (16-20°C) 
and  below  4°C  for  the  period  mid-November  to  mid-April. 
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Table  I.  Species  distribution  of  the  plasma  protein^bound  inorganic  iodide  in  non 
freshwater  teleosts. 
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Figure  5  and  Figure  6  show  the  seasonal  iodide  binding 
capacity  of  the  plasma  proteins  and  the  gonad  maturation  of 
E.  luoius  and  C.  olupeaformis .  There  appeared  to  be  some 
relationship  between  ovary  maturation  and  the  protein- 
iodide  binding  capacity,  since  E.  luoius  showed  a  decrease 
in  binding  just  after  spawning  and  during  the  summer  when 
little  size  increase  in  ovaries  occurred.  In  females  but  not 
in  males,  binding  increased  in  spring  just  before  spawning. 

In  C,  olupeaformis  the  binding  capacity  was  higher  in  late 
July  as  the  ovary  just  started  to  increase  in  size,  then 
decreased  progressively  as  the  ovary  became  mature  in  late 
November.  The  overall  seasonal  changes  are  small  but  it  is 
significant  that  both  sexes  of  the  two  species  show  similar 
seasonal  variations. 

Table  II  shows  that  male  fish  have  a  significantly 
higher  binding  capacity  than  females  (t  =  5.57  >  t^  q  = 

2.632  and  t  =  4.57  >  t  (  q  q-jj  =  2.626  for  E .  luoius  and 
C.  olupeaformis  respectively) .  However,  the  sex  difference 
in  binding  capacity  is  probably  not  directly  related  to 
albumin  concentration,  since  in  E.  luoius  and  C.  olupeaformis 
male  fish  had  no  significantly  higher  plasma  albumin  concen¬ 
tration  than  females  (Table  III) .  It  is  also  noteworthy 
that  there  was  no  significant  positive  correlation  between 
the  percentage  plasma-iodide  binding  and  the  plasma  albumin 
concentration  in  either  species  (Table  IV) . 
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Figure  5.  Seasonal  change  in  water  temperature  of  Lac 

Ste.  Anne,  a  large  eutrophic  lake  northwest  of 
Edmonton,  Alberta,  from  which  most  of  the  fish 
were  collected. 
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Figure  6.  Seasonal  change  in  water  temperature  of  the 
environment,  gonadosomatic  index  (G.I.),  and 
percentage  of  plasma  protein-bound  inorganic 
iodide  of  Esox  luoius  .  Water  temperature  was 
measured  at  3  m  depth.  Gonadosomatic  index  = 
(weight  of  gonads/weight  of  fish)  x  100. 
Vertical  lines  indicate  standard  error  of  the 
mean;  small  numbers  indicate  sample  size. 
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Figure  7.  Seasonal  change  in  water  temperature  of  the 
environment,  gonadosomatic  index  (G.I.),  and 
percentage  of  plasma  protein-bound  inorganic 
iodide  of  Covegonus  olupeaformis .  Water 
temperature  was  measured  at  3  m  depth.  Vertical 
lines  indicate  standard  error  of  the  mean;  small 
numbers  indicate  sample  size. 
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Table  II.  Sex  difference  in  plasma  protein-bound  inorganic 
iodide  in  Esox  luoius  and  Coregonus  olupeaformis , 
showing  the  higher  protein-iodide  binding  in  males 
than  females  in  these  two  species  in  20°C. 


Mean  of 


Species 

Sex 

Sample 

size 

(N) 

binding  % 

(X)  ' 

(Equation  1) 

Standard 

error 

(S) 

t  t(p=0.01) 

c f 

44 

83.13 

3.68 

Esox  luoius 

5.57  >  2.632 

9 

57 

78.54 

4.42 

c r 

66 

82.05 

3.37 

Coregonus 

4.57  >  2.626 

o lupeaformis 

9 

36 

78.50 

4.68 
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Table  IV.  Test  for  correlation  between  plasma-iodide 
binding  percentage  and  plasma  albumin 
concentration  in  Esox  luaius  and  Coregonus 
olupeaformis . 


Species 


Sex 


Sample  Correlation 
size  coefficient  t  t ,  n 
(N)  (r)  (P-0-01) 


Esox  luoius 


d* 

9 


13 

9 


0.432 


0.788 


1.589  <  3.106 


3.387  <  3.499 


Coregonus  cf 

q lupeaformis 

9 


17 

7 


0.253  1.014  <  2.947 

0.475  1.207  <  4.032 
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3.  Direct  temperature  effect 

Two  experiments  were  carried  out  to  study  the  direct 
temperature  effect  on  protein-iodide  binding  affinity.  In 
the  first  experiment,  11  samples  of  E.  lucius  and  5  samples 
of  Co  clupeaformis  were  dialysed  to  equilibrium  at  20°C 
and  4°C  using  the  same  procedure  as  for  normal  plasma 
dialysis  equilibrium.  The  results  are  given  in  Table  V. 

Iodide  binding  to  the  plasma  proteins  of  both  species  was 
greater  at  the  lower  temperature  (4°C)  than  at  the  higher 
temperature  (20°C) ,  a  difference  that  was  statistically 
significant  (t  =  10.50  >  t£p_Q.oi)  =  2.845  and  t  =  6.51  > 
t(p=0  01)  =  3.355  for  E„  lucius  and  C  „  clupeaformis 
respectively) .  In  a  second  experiment  the  association  constant 
(K)  of  plasma  protein-bound  inorganic  iodide  of  E.  lucius 
and  C.  clupeaformis  was  determined  at  20°C  and  4°C.  As 
shown  in  Table  VI,  the  association  constant  was  larger  at 
the  lower  temperature . 

4.  Effect  of  iodide  concentration 

„  12  7 

Figure  8  shows  that  as  the  concentration  of  Na  I 

125 

increased,  the  percentage  binding  of  I  with  the  plasma 
proteins  of  E,  lucius  and  C.  clupeaformis  decreased.  Since 

■1  n  c  19  7 

the  radioactive  I  and  stable  I  have  similar  physical- 
chemical  properties,  and  their  proportional  distributions  are 
the  same,  the  results  indicate  increased  saturation  of  the 
binding  sites  for  iodide.  The  total  iodide  binding  is 
actually  increased. 
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Figure  8.  Effect  of  stable  iodide  concentration  on  the 

12  5 

plasma  protein-bound  I  in  Esox  luoius  and 
Coregonus  clupeaformis .  Experimental  tempera¬ 
ture  2 0 °C  and  4°C. 
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Figure  9.  Effect  of  monovalent  anions  and  antithyroid 
substances  on  the  plasma  protein-bound 
inorganic  iodide  of  Esox  luoius ,  Coregonus 
olupeaformis  and  Salmo  gaivdneri. 
Experimental  temperature  20 °C. 
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5.  Effect  of  other  monovalent  anions  and  antithyroid  substances 

Figure  9  shows  the  competition  of  various  monovalent 
anions  with  iodide  (both  and  12^i)  for  the  available 

binding  sites  on  the  plasma  proteins.  The  results  indicate 
that  the  plasma  protein-inorganic  iodide  interaction  was  non¬ 
specific  as  are  most  protein- anion  interactions.  The 
relative  binding  affinities  were  of  the  order: 

F-  =  Cl”  <  Br  <  NO3”  <  SCN”  <  I"  =  CIO4”.  The  results 
are  in  good  agreement  with  the  findings  of  Carr  (1952)  .  The 
competitive  effects  of  these  anions  on  iodide  binding  was 
similar  in  the  three  species  of  fish  studied.  However,  neither 
thiourea  nor  thiouracil  had  any  effect  on  binding  of  iodide 
to  the  plasma  proteins  of  these  three  species.  This  same 
finding  was  reported  by  Leloup  (1964b)  . 

6.  Effect  of  pH  and  nature  of  buffers 

Four  kinds  of  buffers  (acetate,  phosphate,  barbital 
and  carbonate)  representing  8  different  acid  strengths  were 
employed  to  change  the  pH  of  E,  lucius  plasma.  The  buffers 
had  an  ionic  strength  of  0.2  and  were  slightly  hypertonic 
to  normal  plasma.  The  direct  competitive  effect  of  the 
buffer  anions  on  the  iodide  binding  was  relatively  smaller 
than  their  effect  on  pH,  because  the  buffers  used,  especially 
the  acetate,  phosphate  and  carbonate  buffers,  are  known 
to  cause  little  interference  with  the  protein-anion  inter¬ 
action  (Klotz  and  Urquhart,  1949a)  .  The  overall  effect  of 
pH  on  the  iodide  binding  affinity  is  shown  in  Fig.  10.  Iodide 
binding  was  least  affected  at  the  lower  pH's.  As  the  plasma 
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Figure  10.  Effect  of  pH  and  buffers  on  the  plasma  protein- 

bound  inorganic  iodide  in  Eosx  lucius  .  Plasma 
was  diluted  12  times  with  buffer.  Dialysis 
equilibrium  at  25°C. 


pH 
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solution  became  more  basic,  the  binding  capacity  dropped 
significantly  and  finally  completely  disappeared  at  pH  10.8. 
Basic  buffers  reduce  the  binding  capacity  of  the  plasma 
protein  probably  by  neutralizing  the  cationic  groups  of 
the  protein  molecules  (Klotz,  1950;  Sterling  et  al . ,  1962). 
There  appeared  to  be  no  denaturing  effect  on  the  proteins, 
because  the  buffer  diluted  plasma  proteins  show  the  same 
electrophoretic  behavior  as  normal  plasma  proteins  (Fig.  11). 

7.  Acetylation  effect 

The  chemical  reaction  of  acetic  anhydride  with  the  plasma 
proteins,  by  the  method  of  Olcott  and  Fraenkel-Conrat  (1947) 
and  Sterling  et  at,  (1962)  specifically  blocks  the  £  -  NH^ 
group  of  the  lysine  residue  on  the  protein.  The  reaction 
is  indicated  by  the  following  equation: 

P  -  NH3+  +  (CH3CO)  2  0  -*  P  -  NHCOCH3  +  CH3C02H  +  H+ 

The  degree  of  acetylation  of  the  plasma  proteins  was  not 
determined,  but  the  iodide  binding  capacity  of  the  acetylated 
proteins  was  completely  destroyed  as  judged  by  equilibrium 
dialysis  (Table  VII) .  These  results  suggest  that  the  free 
amino  groups  of  lysine  residues  in  the  protein  molecule  were 
the  main  binding  sites. 

B .  Specificity  of  Iodide  Binding  by  the  Plasma  Proteins  as 

Revealed  by  Microzone  Electrophoresis 

1.  Electrophoretic  pattern  of  normal  plasma  protein 

Plasma  of  six  species  of  teleosts  ( Esox  lucius ,  Coregonus 
clupeaformis ,  Salmo  gairdneri ,  Catostomus  commersonii, 
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Figure  11.  Comparison  of  microzone  electrophoretic 

patterns  of  Esox  lucius  buffer  diluted  plasma 
on  cellulose  acetate  membrane.  Barbital 
buffer  pH  8.6  and  ionic  strength  0.05. 

Applied  current  3 . 0  ma  for  30  minutes.  The 
buffers  used  for  changing  the  pH  values  of 
plasma  proteins  from  top  to  bottom  are 
phosphate  pH  7.0,  acetate  pH  4.2,  carbonate 
pH  10.8  and  10.0,  acetate  pH  5.0,  phosphate 
pH  6.0,  barbital  pH  7.8  and  9.0. 
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Table  VII.  Acetylation  effect  on  the  plasma  protein-bound 

inorganic  iodide  in  Esox  luoius ,  Coregonus 
olupeaformis  and  Salmo  gairdneri . 


%  Plasma  protein-bound  inorganic  iodide 
Species  Before  acetylation  After  acetylation 


Esox  luoius 

76.09 

Coregonus  olupeaformis 

65.21 

Salmo  gairdneri 

83.83 

0 


i  j  D: '  .  i  oi  -nx;  .tc 


no  isl',;.  jo  i  eioSefi 


<  w  r  ckm  tco'., 


— 


40 


Stizo  stedion  viterum  and  Lota  lota )  and  bovine  plasma  were 
separated  by  microzone  electrophoresis  on  cellulose  acetate 
membrane  in  barbital  buffer,  pH  =  8.6  and  ionic  strength  0.05. 
The  patterns  are  shown  in  Fig.  4.  While  it  is  more  difficult 
to  achieve  good  separation  of  the  plasma  proteins  of  fish 
than  of  other  animals,  each  fish  species  shows  a  unique 
electrophoretic  pattern.  This  is  one  of  the  species  specific 
characteristics  (Deutsch  and  Goodloe,  1945).  In  E.  lucius , 

C,  clupeaformis  and  S.  gairdneri ,  but  not  in  the  other  three 
species  of  teleosts,  there  was  a  distinct  protein  fraction 
which  separated  from  the  rest  and  moved  toward  the  anode  with 
a  mobility  similar  to  that  of  bovine  plasma  albumin.  It 
was  proved  that  this  fast  migrating  protein  is  the  fraction 
associated  with  iodide  binding  (Fig.  12,  13,  14).  These 
three  species  of  fish  are  in  the  Order  Clupeif ormes .  From 
these  observations,  it  is  concluded  that  these  related  species 
of  teleosts  have  recognizable  similarities  in  plasma  protein 
fractions  which  are  associated  with  unique  physiological 
characteristics . 

2.  Distribution  of  radioiodide  on  the  electrophoresis  membrane 

It  is  possible  that  the  electrophoretic  technique  may 
disturb  the  true  pattern  of  distribution  of  radioiodide  on 
the  plasma  proteins.  Marshall  and  Levy  (1966)  argued  that 
if  the  strength  of  electric  field  applied  was  stronger  than 
the  binding  energy  between  the  thyroxine  and  its  binding 
protein,  the  thyroxine  molecule  could  be  stripped  away 
from  the  protein.  The  same  could  apply  for  the  iodide-protein 
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Figure  12.  A.  Electrophoresis  of  Esox  luoius  plasma 

.  .  125 

containing  0.005  ml  Na  I  (0.5  yc) .  The 
arrow  indicates  the  origin.  The  peak  corre¬ 
sponding  to  plasma  albumin-bound  inorganic 
iodide  is  to  the  right  and  those  for  free 
iodide  are  to  the  left  toward  the  anode. 
Applied  current  3 . 0  ma  and  duration  time 
30  minutes. 

125 

B.  Electrophoresis  of  Na  I  solution  under 
same  experimental  conditions  as  above. 
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Figure  13.  Radioactive  scan  of  Coregonus  clupeaformis 

plasma  containing  0.005  ml  Na125I  (0.5  pc) 
accompanied  by  an  electrophoresis,  showing 
the  decrease  in  protein  binding  of  iodide  as 
the  current  is  increased.  The  arrows  indicate 
the  origin.  The  anode  is  to  the  left. 
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Figure  14.  Radioactive  scan  of  Salmo  gaivdneri  plasma 

containing  0.005  ml  Na1^!  (0.5  yc) 
accompanied  by  an  electrophoresis,  showing  the 
decrease  in  protein  binding  of  iodide  as  the 
current  is  increased.  The  arrows  indicate  the 
origin.  The  anode  is  to  the  left. 
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interaction.  In  addition,  the  time  needed  for  separation 
and  the  heat  produced  during  electrophoresis  might  also 
interfere  with  the  radioactivity  distribution  on  the  membrane. 
For  the  last  mentioned  reason,  electrophoresis  was  always 
carried  out  at  4°C  to  limit  heat  production  and  minimize 
disturbance  of  the  association  of  radioiodide  with  the 
binding  protein. 

Figure  12  shows  the  plasma  protein  separation  of 
E.  luoius  at  a  starting  current  of  3.0  ma  and  duration  time 
of  30  minutes,  the  same  conditions  used  for  normal  plasma 
proteins  separation.  Comparison  of  the  radioactivity  distri¬ 
bution  with  the  electrophoretic  pattern  of  plasma  proteins 
(Fig.  12  A)  showed  that  there  were  two  radioactive  peaks 
present:  one  sharp  peak  located  on  the  albumin-like  fraction 

and  another  much  smaller  peak  running  far  in  advance  of  the 

protein.  This  small  peak  coincided  with  migration  of  the 
12  5 

control  Na  I  solution  (Fig.  12  B)  and  was  therefore  free 
iodide . 

The  strength  of  applied  current  and  the  duration  of 
electrophoresis  have  a  very  significant  effect  on  the  protein- 
iodide  interaction  in  the  plasma  of  C.  olupeaformis  and 
5.  gairdneri  (Fig.  13  and  14) .  As  the  graphs  show,  binding 
is  significantly  reduced  on  the  albumin-like  fraction  as  the 
applied  current  is  increased.  It  virtually  disappears  at  a 
current  of  about  3.0  ma  for  20  minutes.  However,  2  radio¬ 
active  peaks  were  evident  under  the  experimental  conditions 
of  2 . 0  ma  for  20  minutes  and  1.0  ma  for  30  minutes.  For  these 
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species,  the  conditions  of  2.0  ma  and  20  minutes  gave  good 
results  and  radioactivity  distributions  that  were  nearly  the 
same  as  for  E,  luaius .  These  results  suggested  the  binding 
energy  between  the  125I  and  plasma  albumin-like  protein  of 
C.  clupeaf  ovmis  and  S.  gaivdnevi  may  be  weaker  than  between 
those  of  E.  luoius .  However,  other  aspects  of  the  protein 
molecular  structures  must  be  considered  in  arriving  at  an 
explanation  for  the  species  difference. 

C .  Separation  of  the  Plasma  Proteins  by  Precipitation  Methods 

Trichloroacetic  acid  precipitated  all  of  the  plasma  proteins 
and  totally  destroyed  its  iodide  binding  capacity  (Table  VIII) . 
The  results,  which  confirm  those  of  Leloup  and  Fontaine  (1960), 
are  interpreted  to  mean  that  trichloroacetic  ions  are  more 
easily  bound  to  the  plasma  proteins  than  iodide  (Scatchard 
et  at . ,  1957) . 

Half -saturated  ammonium  sulfate  precipitation  of  the 
plasma  globulins  provided  additional  evidence  that  the  iodide 
was  bound  to  the  albumin  in  these  three  species  of  fish.  As 
shown  in  Table  IX,  in  each  case  the  radioactivity  was 
confined  almost  entirely  to  the  supernatants,  which  included 
the  albumin,  after  the  precipitation  of  the  globulins. 
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DISCUSSION 

A.  Extent  of  the  Binding  of  Inorganic  Iodide  With  Plasma 
Protein  in  Certain  Teleosts, 

Of  eight  species  of  non-migratory  freshwater  teleosts 
investigated  in  this  study,  the  binding  of  inorganic  iodide 
with  plasma  protein  existed  only  in  species  of  the  Order 
Clupeif ormes :  E.  luoius ;  C.  olupeaformis ;  S.  gairdneri  and 
To  arotious .  The  binding  characteristic  was  not  present 
in  the  other  Orders  studied.  Leloup  and  Fontaine  (1960) 
and  Leloup  (1964)  ,  stated  that  this  physiological 
characteristic  was  (1)  present  only  in  the  teleost  fish 
among  all  vertebrates,  (2)  associated  with  neither  the 
habitat  (fresh  or  salt  water)  nor  the  migratory  habit  of 
teleosts  and  (3)  restricted  to  the  Orders  Clupeiformes  and 
Mugiliformes  of  the  teleost  fishes. 

B .  Seasonal  Variation  of  Iodide  Binding  Capacity  in  Lake  Fish 

It  was  shown  that  the  overall  percentage  changes  in 
iodide  binding  capacity  with  season  were  small.  However,  it 
is  significant  that  (1)  both  sexes  show  similar  variation 
seasonally  and  (2)  male  fish  have  a  higher  binding  capacity 
than  females  in  E.  luoius  and  C,  olupeaformis  (Fig.  5  and 
6;  Table  II  and  III) .  In  searching  for  an  explanation  for 

f 

the  seasonal  change,  two  parameters,  the  plasma  albumin-like 
protein  concentration  and  the  plasma  inorganic  iodide  content 
were  considered  because  change  in  either  might  influence 
iodide  binding. 
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1.  Variation  of  plasma  albumin-like  protein 

There  is  abundant  evidence  that  the  quantity  and  pattern 
of  the  plasma  proteins  of  fish  are  affected  by  physiological 
and  environmental  changes.  Leloup  and  Fontaine  (1960) 
reported  changes  in  the  blood  proteins  corresponding  to 
gonad  maturation  and  migration  of  Atlantic  salmon,  Salmo 
salar .  Robertson  et  al . ,  (1961)  found  sex  differences  in 

total  protein,  albumin  and  globulin  concentration  and  a 
decrease  in  concentrations  of  plasma  total  proteins,  globulins 
and  albumins  during  the  anadromous  migration  of  Pacific 
salmon,  Oncorhynohus  tshawy tasoha .  Vanstone  and  Ho  (1961) 
also  found  sex  and  age  differences  in  total  plasma  proteins 
and  in  protein  fractions  in  Coho  salmon,  Oncorhynohus  kisutch. 
Sano  (1960a  and  b)  noted  a  seasonal  variation  of  total  serum 
proteins  and  variations  in  protein  concentration  with  growth 
of  rainbow  trout.  Meisner  and  Hickman  (1962)  found  the 
albumin/globulin  ratio  of  rainbow  trout,  S.  gairdneri,  to 
vary  with  the  acclimation  temperature.  Booke  (1965)  reported 
an  increase  in  the  serum  globulin  level  with  age  in  lake 
whitefish,  C.  clupeaf ormis .  In  a  literature  review  of  the 
subject  (Booke,  1964a),  concluded  that  sex,  spawning,  food, 
osmotic  pressure,  temperature,  light,  age,  "hibernation", 
hormones,  oxygen  depletion  and  season  were  factors  which 
have  been  shown  to  affect  the  serum  protein  components  of 
f  ish . 

In  the  present  study,  the  plasma  albumin-like  protein 
fraction  was  shown  to  possess  the  iodide  binding  capacity 
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(Fig.  12,  13  and  14)  .  In  both  C%  olupeaformis  and  E.  luoius , 
male  fish  had  a  higher  plasma  albumin-like  protein  level 
than  females,  but  the  difference  was  not  statistically 
significant  (Table  III) .  Furthermore,  the  iodide  binding 
capacity  of  the  plasma  albumin-like  protein  was  independent 
of  albumin  concentration  in  both  sexes  of  the  two  species 
studied  (Table  IV) .  Klotz  (1950)  notes  that  a  five-fold 
(0.2  -  1.0g%)  increase  in  bovine  plasma  albumin  concentration 
produced  only  a  very  small  change  in  the  extent  of  binding 
of  methyl  orange.  Karush  and  Sonenberg  (1949)  also  noted 
no  detectable  change  in  the  extent  of  alkyl  sulfate  binding 
even  with  a  ten-fold  (0.05  -  0.5  g%)  change  in  plasma 
albumin.  These  reports  suggest,  then,  that  the  direct 
effect  of  protein  concentration  on  its  ion  binding  capacity 
is  small,  and  therefore  supports  a  similar  observation  in 
the  present  study.  However,  many  other  factors,  such  as  the 
differences  in  plasma  pH,  in  plasma  dielectric  constant, 
and  in  plasma  protein  structure  might  change  the  total 
available  binding  sites  on  the  protein.  Any  of  these  factors 
might  cause  the  observed  sex  difference  in  binding. 

2.  Variation  of  plasma  iodide  content 

It  seems  probable  that  any  of  several  environmental 
factors  (water  iodide  content,  water  temperature  and  photo¬ 
period)  and  physiological  status  of  fish  can  cause  variation 
in  plasma  iodide  content.  Hickman  (1962)  demonstrated  a 
seasonal  change  in  plasma  iodide  concentration  in  C, 
olupeaformis  which  corresponded  roughly  to  the  water  temperature. 
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He  suggested  that  the  equilibrium  state  of  iodide  was 
influenced  by  environmental  temperature  acting  through  the 
metabolic  rate  of  the  fish:  with  increasing  water  tempera¬ 
ture,  the  rate  of  iodide  uptake  slightly  exceeded  its  loss 
from  the  body.  As  a  result  the  plasma  iodide  content  was 
high  in  summer.  With  falling  water  temperature  in  the  autumn, 
iodide  excretion  exceeded  its  intake,  and  a  drop  in  the  plasma 
iodide  resulted.  Hickman  (1962)  suggested  that  iodide  was 
actively  absorbed  from  the  water  by  the  gills.  Two  probable 
consequences  of  this  iodide  binding  are:  (1)  to  reduce  the 

renal  and  branchial  excretion  of  plasma  iodide  and  (2)  to 
reduce  the  rate  of  penetration  of  plasma  iodide  into  other 
tissues  (Leloup  and  Fontaine,  1960;  Jacoby,  1965).  This 
suggests  that,  in  addition  to  an  increase  in  the  rate  of 
iodide  uptake,  an  increase  in  iodide  binding  capacity  may 
occur  in  summer  which  causes  an  increase  in  plasma  iodide 
content.  However,  seasonal  dietary  changes,  or  factors  other 
than  water  temperature,  or  binding  capacity,  could  be 
responsible  for  this  fluctuation. 

Variation  of  iodide  binding  capacity  has  been  studied 
in  Atlantic  salmon,  Salmo  salar  and  rainbow  trout,  Salmo 
gairdneri  by  Leloup  and  Fontaine  (1960)  .  They  found  that 
variations  were  related  to  different  stages  of  the  life 
cycle.  Binding  capacity  decreased  as  the  ovary  weight 
increased  and  was  lowest  in  sexually  mature  fish.  In 
conjunction  with  this,  they  found  that  the  stable  iodide 
content  in  the  ovaries  of  salmon  and  trout  was  about  10  times 
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its  concentration  in  plasma.  Developing  ovaries  are  known 
to  accumulate  large  amounts  of  iodide  and  at  maturity  the 
iodide  content  in  the  ovary  may  exceed  that  of  all  the  rest 
of  the  body  tissues  combined  (Robertson  et  al . ,  1953;  Leloup 
and  Fontaine,  1960;  Lindsay  et  al . ,  1966) .  In  this  study, 
as  illustrated  in  Fig.  5  and  6,  a  rough  inverse  relationship 
existed  between  the  iodide  binding  capacity  and  the  gonad 
(especial  ovary)  maturation  in  both  E0  luaius  and  C. 
alupeaformis .  However,  the  physiological  purpose  (or 
possible  adaptive  advantage)  of  the  decrease  in  iodide 
binding  with  gonad  maturation  is  unknown. 

Leloup  and  Fontaine  (1960)  have  compared  the  iodide 
binding  capacity  of  the  plasma  proteins  and  the  plasma  iodide 
content  among  the  vertebrates.  They  found  that  the  plasma 
iodide  level  in  cyclostome^,  lung  fish,  birds  and  mammals 
is  much  lower,  as  a  rule,  than  that  of  anadromous  teleosts. 
They  hypothesized  that  the  binding  of  iodide  with  the  plasma 
protein  is  an  important  factor  in  maintaining  a  higher  level 
of  plasma  iodide  needed  for  thyroid  hormones  synthesis  by 
those  anadromous  teleosts .  In  this  study,  the  iodide  binding 
species  (F.  luaius  ,  C,  alupeaformis ,  and  S,  gairdnevi)  show 
a  relative  greater  plasma  iodide  level  than  do  those  species 
without  this  binding  characteristic  (C,  aommersonii  and 
S.  vitreum)  (Hickman,  1962  and  unpublished  data;  McNabb, 
1963).  However,  the  differences  in  plasma  iodide  content 
in  the  teleosts  presumably  are  not  related  entirely  to  their 
iodide  binding  characteristic.  Other  factors,  such  as  the 
role  of  active  influx  of  iodide  from  the  water  by  the  gills 
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must  be  considered  (Hickman,  1962) .  It  also  suggests  that 
the  iodide  binding  characteristic  of  these  fish  species  is 
not  necessarily  related  to  thyroid  hormones  synthesis  for 
higher  metabolic  activity,  since  the  species  studied  are  non- 
migratory  forms  and  are  not  appreciably  more  active  than 
species  not  having  the  binding  characteristic. 

C .  Nature  of  Inorganic  Iodide  Binding  Process 

The  interaction  of  inorganic  ions  with  proteins, 
especially  anions  with  isolated  mammalian  serum  albumin,  has 
been  extensively  investigated.  A  general  hypothesis  to 
explain  the  interaction  of  anionic  dyes  and  thyroxine  with 
cationic  groups  of  basic  amino  acid  residues  (e.g.  lysine, 
arginine  and  histidine)  on  the  plasma  protein  molecules  has 
been  provided  by  Klotz  et  at  (1946)  and  Sterling  et  at,, 

(1962)  .  The  combination  results  from  the  electrostatic 
attraction  between  the  two  oppositely  charged  groups.  In 
this  study,  observations  have  been  extended  to  consider  the 
effect  on  the  iodide-protein  interaction  of  variations  in 
temperature,  pH,  acetylated  protein  and  the  addition  of 
other  monovalent  anions  and  antithyroid  substances  to  the 
dialysis  equilibrium  system.  The  results  further  support 
the  concept  that  inorganic  iodide  is  bound  to  the  free  cationic 
groups  of  basic  amino  acid  residues  on  the  plasma  albumin¬ 
like  protein  molecules.  These  factors  will  be  discussed 


in  turn. 
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1.  Effect  of  pHi  buffers  and  acetylation  on  the  plasma 
protein  binding  characteristic 

Klotz  and  Urquhart  (1949a)  compared  the  relative  binding 
affinities  of  various  buffer  anions  with  bovine  serum  albumin 
by  studying  their  competition  between  anions  and  anionic 
dyes.  They  found  the  relative  binding  affinity  to  be  of  the 
order  glycinate  <  phosphate  <  bicarbonate  <  acetate  <  chloride 
<  carbonate  <  barbital  <  citrate  <  nitrate  <  phthalate. 

Four  buffers,  acetate,  phosphate,  barbital  and  carbonate 
were  employed  in  this  study.  The  direct  competition  between 
buffer  anions  and  iodide  for  loci  on  the  plasma  albumin¬ 
like  protein  presumably  is  small,  because  the  affinity  of 
iodide  with  the  plasma  protein  is  stronger  than  that  of  the 
buffer  anions.  As  illustrated  in  Fig.  10  E.  lucius  plasma 
albumin-like  protein  shows  its  highest  binding  capacity  at 
pH  7.0,  since,  in  the  neutral  solution,  the  iodide  can  freely 
combine  with  the  cationic  groups  (the  free  -NH3+  group) 
of  the  protein  molecules.  In  more  acidic  solution,  more 
hydrogen  ions  associate  with  the  iodide  (bond  energy  about 
-71.4  Kcal/mole)  (Hiller  and  Herber ,  1960)  and,  as  a  result, 
progressively  displace  the  iodide  ions  from  the  plasma 
protein.  In  more  basic  solutions,  there  is  also  a  distinct 
drop  in  binding  capacity,  leading  finally  to  complete  loss 
of  binding  capacity  at  pH  10.8.  In  this  case,  the  reduction 
of  iodide  binding  is  due  primarily  to  the  loss  of  protons 
from  the  cationic  groups,  especially  the  free  -NH^ +  groups 
of  lysine  residues  .  Additional  evidence  for  this  view 
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is  afforded  by  the  observation  that  binding  was  diminished 
after  lysyl  e-NH^+  groups  of  the  plasma  proteins  in  E.  luoius , 
Co  olupeaformis  and  S,  gairdneri  were  blocked  specifically 
by  acetylation  (Table  VII) .  These  two  experimental  evidences 
strongly  suggest  that  the  free-NH^+  groups  are  the  major 
binding  sites  for  iodide. 

2.  Nature  of  iodide  and  other  monovalent  anions 

Figure  9  showed  that  the  formation  of  the  ^^I-protein 

127  - 

complex  was  inhibited  by  the  addition  of  NO3  ,  SCN  ,  I 
and  C104"  but  not  affected  by  the  F“,  Cl  ,  Br  in  the  three 
fish  species  studied.  This  suggests  that  the  iodide-protein 
interaction,  like  most  anion-protein  interactions,  is  non¬ 
specific  in  nature.  Differences  in  affinity  with  the  protein 

depends  on  the  nature  of  the  anion.  F”,  Cl”  and  Br”  are  more 

+  — 

strongly  bound  to  Na  than  with  I  in  the  solution.  As  a 

I  nc 

result,  they  did  not  significantly  interfere  with  the  JI- 
plasma  protein  interaction.  The  effect  of  stable  iodide 
on  the  125j  binding,  which  is  distinct  from  that  of  N0^“, 

SCN~  and  CIO^”,  will  be  discussed  in  the  next  section.  The 
important  point  to  consider  here  is  the  ionic  structure  of 
the  polyatomic  anions,  NO^”,  SCN  and  CIO^-,  The  electron 
dot  formula  for  these  anions  are  (Hiller,  and  Herber  1960)  : 
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The  NO^-  is  stabilized  by  resonance  structures  in  solution. 

All  three  polyatomic  anions  have  extra  free  electron  pairs 
which  are  available  to  the  cationic  groups  of  the  plasma 
protein  molecules.  These  polyatomic  anions  inhibited  the 
formation  of  I-protein  complex  through  competition  with 

1  oc 

ions  for  the  same  binding  sites  on  the  plasma  protein 
molecules.  Leloup  (1964b)  suggested  a  similar  competitive 
effect.  Carr  (1952) , using  a  protamine-collodion  exchange 
membrane,  found  the  binding  affinity  of  anions  with  serum 
albumin  in  the  order  Cl-  <  Br  <  N0^"~  <  I  =  SCN  .  Scatchard 
and  co-workers  (1957)  also  compared  the  anion  binding  with 
plasma  albumin,  by  using  an  electrode  system  involving  an 
anion-exchange  membrane.  They  found  the  binding  affinity 
to  increase  in  the  order  Cl  <  <  SCN  <  CCl^COO  .  In 

general,  the  binding  of  the  anions  is  assumed  to  occur  at 
the  same  sites  on  the  protein  molecules.  Klotz  (1950) 
attributed  the  greater  binding  affinity  of  certain  anions 
to  protein  molecules  to  their  greater  ability  to  release 
water  molecules  from  the  ion-protein  complex,  rather  than  to 
an  increase  in  Van  der  Waal  forces  which  accompany  increased 
molecular  size  of  the  ion.  The  binding  forces  between  cationic 
groups  of  protein  molecules  and  anions  are  presumably  electro¬ 
static  in  nature.  This  electrostatic  force  may  be  quanti¬ 


tatively  expressed  by  Coulumbfls  Laws  F  = 


_  eg  e2 


6  r2 


In  the  equation,  e^  and  represent  the  charges  on 
two  charged  groups  separated  by  a  distance  r.  (5  is  the 
dielectric  constant  of  the  medium.  Protein  molecules  and 
inorganic  iodide  in  plasma  are  surrounded  by  water  molecules. 
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The  removal  of  water  molecules  from  the  iodide-protein 
complex  causes  an  increase  in  the  electrostatic  force,  since 
it  reduces  the  distance  (r)  between  these  two  charged  groups. 

The  dielectric  constant  ( C  )  of  the  plasma  is  decreased  also 
by  increasing  the  free  water  molecules  in  the  medium.  The 
destruction  of  the  iodide  binding  capacity  of  plasma  protein 
by  TCA  precipitation  (Table  VIII)  also  suggests  that  the 
decrease  in  plasma  dielectric  constant  is  caused  by  adding  this 
organic  acid  solution  (lower  dielectric  constant) .  Consequently 
the  electrostatic  forces  between  CCl^COO”  and  cationic  groups 
of  plasma  protein  molecules  as  well  as  the  charged  groups  of 
the  same  or  neighboring  protein  molecules  is  increased 
(Pennell,  1960). 

Thiourea  and  thiouracil  are  known  to  chemically  reduce 
free  iodine  with  great  rapidity  in  vitro  (Carr  and  Riggs, 

1958) .  Neither  substance  had  any  effect  on  the  iodide- 
plasma  protein  interaction  in  the  three  fishes  studied 
(Fig.  9).  This  suggests  that  inorganic  iodine  exists  in  the 
plasma  entirely  as  the  iodide  ion  and  therefore  does  not 
react  with  these  reducing  substances.  Leloup  (1964)  had 
arrived  at  the  same  conclusion. 

3.  Binding  energy  and  percentage  of  binding  in  iodide- 
plasma  protein  interaction 

The  energy  of  binding  and  the  percentage  of  binding 
in  most  ion-protein  interactions  studied  are  not  the  same, 
since  these  interactions  are  temperature  independent  (Davis, 
1943;  Putnam  and  Neurath,  1945;  Boyer,  Ballou  and  Luck,  1947; 
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Klotz  and  Curme ,  1948?  Klotz  and  Urquhart,  1949b;  Karush  and 
Sonenberg,  1949;  Scatchard,  Scheinberg  and  Armstrong,  1949). 
Let  us  consider  the  thermodynamic  equation: 

AF  =  AH  -  TAS. 

V- 

If  the  ion-protein  interaction  is  temperature  independent  in 
nature,  the  AH  (heat  of  reaction  or  enthalpy  change)  must 
be  small,  and  the  magnitude  of  AF  (free  energy  or  binding 
energy)  at  any  given  temperature  (T)  is  determined  primarily 
by  the  value  of  AS  (the  entropy  change  in  the  reaction) . 

Many  ion-protein  interactions  were  shown  to  have  a  greater 
entropy  (AS)  change  than  heat  effect  (AH)  during  the  binding 
process  (Klotz,  1950).  In  the  present  study  (Table  V  and  Vi) , 
the  per  cent  of  iodide  binding  was  shown  to  be  significantly 
higher  at  4°C  than  at  20°C  for  E,  luoius  and  Ca  clupeaformis . 
This  difference  is  related  to  the  association  constant  of 
their  iodide-protein  complexes  (0.42  x  10  liter/mole  at  4°C 
and  0.310  x  10^  liter/mole  at  20°C  for  E.  luoius  and  0.81  x 
10^  liter/mole  at  4°C  and  0.25  x  105  liter/mole  at  20°C  for 
C .  clupeaformis) .  Leloup  (1964b)  found  that  the  per  cent 
of  free  iodide  varied  in  Atlantic  salmon  from  4.7%  at  4°C 
to  8.0%  at  17°C  with  association  constants  of  0,65  x  10^ 
liter/mole  and  0.35  x  106  liter/mole  respectively. 

The  binding  energy  for  the  association  constant  was 
calculated  by  the  equation: 

AF°  =  -RT  InK  ------------  (9) 

where  AF°  represents  the  change  in  standard  free  energy  or 
the  binding  energy  of  the  complex.  R  is  the  gas  law  constant, 
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T  is  the  absolute  temperature  and  K  is  the  association 
constant.  Table  VI  showed  that  there  was  no  appreciable 
difference  in  binding  energy  of  the  iodide  plasma  protein 
complex  at  two  experimental  temperatures  (-5.898  Kcal/mole 
at  4°C  and  -6.054  Kcal/mole  at  20°C  for  E,  luoius  and 
-6.252  Kcal/mole  at  4°C  and  -5.903  Kcal/mole  at  20°C  for 
C.  olupeaformis ) .  We  have  calculated  the  binding  energy 
of  salmon  from  Leloup ' s  data:  -7.403  Kcal/mole  at  4°C 
and  -7.395  Kcal/mole  at  17°C.  These  data  show  that  the 
iodide-plasma  protein  interactions  of  the  fish  studied  are 
all  temperature  independent  in  nature.  However,  binding 
capacity  increases  at  lower  temperatures  because  of  the 
increase  in  the  association  constant. 

Figure  8  showed  that  the  percentage  of  I  binding 
was  decreased  by  increasing  the  total  concentration  of  stable 
iodide  in  the  plasma.  Since  radioactive  ^^1  and  stable  1^7 j 
have  nearly  identical  physical-chemical  properties,  the 
distribution  of  I  in  the  dialysis  system  represents  the 
distribution  of  stable  iodine  in  the  same  system.  The  total 
inorganic  iodine  concentration  of  E. luoius  plasma  was  2.567  yg% 
(0.202  x  10~6  M) .  Since  about  87.85%  of  the  total  plasma 
iodide  was  protein  bound  at  4°C,  the  value  of  the  bound 
iodide  fraction  was  0.177  x  10""6  M  and  of  the  free  iodide, 

0.025  x  10"6  M.  When  0.67  x  10~2  M  of  stable  iodide  was 
added  to  the  plasma,  the  per  cent  of  bound  iodide  was  dropped 
to  71.25%,  but  both  the  bound  iodide  and  free  iodide  concen¬ 
trations  were  increased  to  40.31  x  10~6  M  and  16.27  x  10"^  M 
respectively  in  the  dialysis  system.  When  2.68  x  10“2  M 
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of  stable  iodide  was  added  to  the  plasma,  the  per  cent  of 

bound  iodide  was  dropped  to  49.83%,  but  the  concentrations 

of  bound  iodide  and  free  iodide  were  increased  to  71.44  x 

10~6  M  and  71.93  x  10-^  M  respectively  in  the  dialysis  system. 

Similar  results  were  obtained  with  C .  clupeaformis  plasma. 

In  summary,  the  overall  effect  of  increasing  the  total  iodide 

concentration  in  the  plasma  was  to  increase  the  concentration 

of  bound  iodide  while  decreasing  the  percentage  of  bound 

iodide.  The  decrease  in  per  cent  binding  with  increasing 

iodide  concentration  was  caused  by:  (1)  increasing  electro- 

125  127 

static  repulsion  between  like  anions  (  I  and  I)  and 
(2)  reducing  the  available  binding  sites  on  the  plasma  protein 
molecules . 

4.  Some  remarks  on  the  molecular  structure  of  the  plasma 
protein 

In  addition  to  the  nature  of  ions,  the  molecular  structure 
of  protein  is  important  for  the  formation  of  the  ion-protein 
complex.  The  kind  and  sequence  of  amino  acids  in  the  poly¬ 
peptide  chain,  the  number  of  polypeptide  chains,  the  hydrogen 
bonding  formation  and  the  helical  structure  of  the  protein 
are  the  important  parameters  of  its  structure.  The  structure 
of  human  and  bovine  plasma  albumin  is  much  better  known  than 
that  of  other  animal  species.  There  is  a  general  agreement 
that  both  human  and  bovine  plasma  albumin  have  a  single 
polypeptide  chain,  and  are  similar  in  molecular  size  and 
general  amino  acid  composition  (Putnam,  1960)  .  The  bovine 
plasma  albumin  molecule  also  showed  about  46%  of  a-helical 
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structure  (Urnes  and  Doty,  1961)  .  Leloup  (1960)  noted  that 
the  molecular  weight  of  plasma  albumin-iodide  complex  of 
Salmo  salar  was  about  70,000. 

Klotz  (1950)  compared  the  amino  acid  composition  with 
the  binding  ability  of  several  proteins,  and  suggested  a 
"binding  index"  for  the  ion-protein  complex  formation. 

This  binding  index  _ _  t  ,  ...5  ^  _  is  based  on 

the  relative  numbers  in  a  protein  of  basic  amino  acids 
(lysine,  arginine  and  histidine),  acidic  amino  acids 
(aspartic  acid  and  glutamic  acid)  and  amino  acids  with  free 
hydroxyl  groups  (serine,  threonine,  tyrosine  and  hydroxyproline) . 
Three  types  of  hydrogen  bonds  are  formed  between  these  polar 
groups  with  different  binding  energies  in  the  order  COO'"-OH 
(6  Kcal/mole)  >  COO-  -NH3+  (3.5  Kcal/mole)  >  NH3+  -OH  (2.5 
Kcal/mole)  (Pauling,  1945;  Davis,  1946;  Pressman,  Grossberg, 

Pence  and  Pauling,  1946)  .  Klotz  (1950)  thought  that  if  the 
number  of  either  one  of  two  functional  groups  (hydroxyl  and 
carboxyl  groups)  exceeded  that  of  the  other,  the  excess 
number  of  residues  would  be  available  to  combine  with  the 
cationic  nitrogen  (SNH  )  and  thereby  to  decrease  the  ability 
of  the  proteins  to  bind  anions.  Based  on  this  formula,  he 
found  bovine  plasma  albumin  to  have  the  highest  binding 
index  of  any  proteins  studied.  This  index  was  compatible 
with  his  experimental  results. 

Many  other  theories  about  the  anion  protein  interaction 
have  appeared  in  the  literature.  Schellman  (1953)  stated 
that  the  anion  binding  was  based  on  partial  shielding  of 
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the  ion  pairs  from  the  polar  solvent,  Saroff  (1956) 
developed  a  theory  of  chloride  binding  for  plasma  albumin 
in  terms  of  hydrogen  binding.  Groth,  Kunze  and  Segal  (1963) 
suggested  that,  on  the  basis  of  stereochemical  considerations, 
both  cations  and  anions  may  bind  into  certain  hydrogen  bridges 
of  the  non-helical  parts  of  globular  protein  molecules. 

In  summary,  this  research  has  demonstrated  that  the 
iodide-plasma  albumin-like  protein  interaction  of  the  teleost 
species  studied  is  non-specific  in  nature,  is  temperature 
independent  and  is  weak  in  binding  energy.  This  suggests 
that  the  interaction  is  a  hydrogen  bond  or  an  electrostatic 
force.  However,  further  studies  on  the  molecular  structure 
of  the  plasma  proteins  of  teleost  fish  are  required  to 
understand  the  marked  species  specificity  of  this  character¬ 
istic  and  its  possible  adaptive  value. 
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SUMMARY 

1*  The  binding  of  inorganic  iodide  to  plasma  protein  of 

normal  plasma  was  demonstrated  in  species  of  the  Order 
Clupeif ormes ,  including  northern  pike,  Esox  lueius; 
lake  whitefish,  Coregonus  olupeaformisj  rainbow  trout, 
Salmo  gairdneri,  and  arctic  grayling,  Thymallus  arotious . 
This  characteristic  did  not  exist  in  white  sucker, 

Cato stomus  oommersonii ;  yellow  perch,  Peroa  ftavesoens ; 
yellow  walleye,  Stizo  stedion  vitreum  and  burbot,  Lota 
lota .  These  last  four  species  belong  to  other  teleost 
Orders . 

2.  Plasma  inorganic  iodine  is  present  as  iodide  and  is 
bound  with  the  plasma  albumin-like  protein  of  the  teleost 
species  studied.  The  actual  binding  sites  are  presumably 
the  free  cationic  groups  of  basic  amino  acid  residues 
such  as  lysine,  arginine  and  histidine  on  the  plasma 
albumin-like  protein  molecules. 

3.  Small  seasonal  variations  in  the  plasma  iodide  binding 
capacity  were  found  and  were  of  the  same  pattern  in  both 
sexes  of  E.  luoius  and  Co  clupeaformis ,  The  males  had 

a  significantly  higher  binding  capacity  than  females 
in  these  two  species. 

4.  Seasonal  variation  in  the  plasma  iodide  binding  capacity 
of  some  fish  species  is  probably  one  of  the  factors 
causing  seasonal  fluctuations  in  plasma  iodide  content. 
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Binding  capacity  is  evidently  independent  of  the 
plasma  albumin  concentration. 

5.  The  binding  is  non-specific  in  nature.  It  can  be 
inhibited  by  NO^  ,  SCN  and  CIO^-,  probably  through 
competition  for  binding  sites.  It  is  not  affected  by 
thiourea,  thiouracil,  F~,  Cl"  and  Br~. 

6 .  The  binding  capacity  can  be  completely  destroyed  by 
trichloroacetic  acid  precipitation  of  the  plasma  proteins. 

7.  The  binding  energy  is  temperature  independent.  The 
binding  energy  is  weak  in  E.  luoius  (-5.897  Kcal/mole 
at  4°C)  and  Co  clupeaformis  (-6.252  Kcal/mole  at  4°C) . 

8.  The  per  cent  of  bound  iodide  is  related  to  the  association 
constant.  Both  are  inversely  related  to  the  temperature. 
The  per  cent  of  bound  iodide  at  20°C  and  4°C  is,  for 

E,  luoius  80.85%  (20°C),  88.85%  (4°C);  for  C.  clupeaformis 
80.28%  (20°C) ,  88.75%  (4°C);  and  for  S »  gairdnevi 
84.30%  (20 °C)  ,  92.23%  (4°C).  In  T,  arcticus ,  the  per 
cent  of  bound  iodide  is  80.97%  at  26°C. 

9.  The  per  cent  of  bound  iodide  is  decreased  by  the 
addition  of  stable  iodide  to  the  plasma,  but  the 
absolute  concentration  of  bound  iodide  is  increased. 

10.  The  iodide-plasma  protein  interaction  is  presumably  a 
hydrogen  bonding  or  an  electrostatic  force  between  the 
iodide  and  the  cationic  groups  of  the  plasma  protein 
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